Homeobox genes encode transcription factors that function in various developmental processes and are usually evolutionarily conserved in their sequences. However, two X-chromosome-linked testis-expressed homeobox genes, one from rodents and the other from fruit flies, are known to evolve rapidly under positive Darwinian selection. Here we report yet another case, from primates. TGIFLX is an X-linked homeobox gene that originated by retroposition of the autosomal gene TGIF2, most likely in a common ancestor of rodents and primates. While TGIF2 is ubiquitously expressed, TGIFLX is exclusively expressed in adult testis. A comparison of the TGIFLX sequences among 16 anthropoid primates revealed a significantly higher rate of nonsynonymous nucleotide substitution (d N ) than synonymous substitution (d S ), strongly suggesting the action of positive selection. Although the high d N /d S ratio is most evident outside the homeobox, the homeobox has a d N /d S of ‫98.0ف‬ and includes two codons that are likely under selection. Furthermore, the rate of radical amino acid substitutions that alter amino acid charge is significantly greater than that of conservative substitutions, suggesting that the selection promotes diversity of the protein charge profile. More interestingly, an analysis of 64 orthologous homeobox genes from humans and mice shows substantially higher rates of amino acid substitution in X-linked testis-expressed genes than in other genes. These results suggest a general pattern of rapid evolution of mammalian X-linked testis-expressed homeobox genes. Although the physiological function of and the exact selective agent on TGIFLX and other rapidly evolving homeobox genes are unclear, the common expression pattern of these transcription factor genes led us to conjecture that the selection is related to one or more aspects of male reproduction and may contribute to speciation.
H
OMEOBOX genes are characterized by the pres-2001). Earlier studies showed that homeobox genes, particularly the homeobox region, are conserved in evoence of an ‫-06ف‬codon sequence motif known as lution Gehring et al. 1994a) , the homeobox, which encodes a helix-turn-helix DNAalthough two notable exceptions, Pem in rodents and binding domain named the homeodomain (Gehring OdsH in Drosophila, have been reported (Sutton and et al. 1994a) . Initially identified from fruit flies Wilkinson 1997; Ting et al. 1998) . In both cases, high Scott and Weiner 1984) , horates of amino acid substitution were found in the homeobox-containing genes have now been found in meodomain and the action of positive selection was fungi, plants, and animals and form a large gene supersuggested. Interestingly, both genes are located on X family (Kappen et al. 1993; Bharathan et al. 1997; Kap- chromosomes and are expressed in testis, although Pem pen 2000; Banerjee-Basu and Baxevanis 2001). Hois also expressed in female reproductive tissues. OdsH is meobox genes function as transcription factors that in part responsible for the hybrid male sterility between regulate the expressions of their target genes in various Drosophila simulans and D. mauritiana (Ting et al. 1998) . developmental processes such as body-plan specificaThese intriguing findings suggest that homeobox genes tion, pattern formation, and cell fate determination may also be involved in developmental processes that (Gehring et al. 1994a ). Because of their fundamental vary among closely related species. Because such develimportance in development, homeobox genes are of opmental variations may lead to reproductive isolation substantial interest to evolutionary biologists as they may and speciation (Ting et al. 1998) , it is of interest to provide key information on the evolution of developidentify new cases of rapidly evolving homeobox genes. ment (Shepherd et al. 1984; Garcia-Fernandez and Here we describe the identification of such a rapidly Holland 1994; Zhang and Nei 1996; Carroll et al. evolving homeobox gene, TGIFLX [TG-interacting factor (TGIF)-like X], from primates. TGIFLX is a member of TGIFs, a group of transcription factors of the three Sequence data from this article have been deposited in the EMBL/ amino-acid loop extension (TALE) superclass of the GenBank Data Libraries under accession nos. AY449635-AY449641.
homeodomain protein family (Bertolino et al. 1995; 1 originated by retroposition of the autosomal TGIF2 gene, a member of TGIFs (Blanco-Arias et al. 2002) . In contrast to TGIF2, which is ubiquitously expressed, TGIFLX is specifically expressed in the germ cells of adult testis (Blanco-Arias et al. 2002; Lai et al. 2002) .
In this report, we show that (1) the retroposition event protein sequences, aligned them using DAMBE, and comFor green monkey and douc langur, primers 2XL (5Ј-TTT puted protein p-distances (proportional differences; Nei and GAATATGGAGGCCGCTG) and 2XR (5Ј-CATCATCAATCA Kumar 2000) between human and mouse orthologs. The in-TGGATTAG) were used; for tamarin, woolly monkey, and formation on gene location and expression pattern was found marmoset, primers 2XL and XIA1 (5Ј-GGATTAGACTC using human genome resources and the LocusLink tool TTGCTTCTTCT) were used; for owl monkey and squirrel (http:/ /www.ncbi.nlm.nih.gov/LocusLink/). monkey, primers X2 (5Ј-ATATGGAGGCCGCTGCAgAAGAC) and X3 (5Ј-GGCTCTTGCTTCTTCTCTAGC) were used. PCRs were performed with MasterTaq under conditions recom-RESULTS mended by the manufacturer (Eppendorf, Hamburg, Germany). The products were then purified and sequenced from Retroposition predated the human-mouse separation:
both directions, using the dideoxy chain termination method To determine when the retroposition that generated with an automated sequencer.
TGIFLX occurred in evolution, we conducted a BLAST Analysis of TGIFLX gene sequences: The DNA sequences of the TGIFLX coding region from five hominoids (humans search in the GenBank for homologous sequences to and apes) and four OW monkeys (Blanco-Arias et al. 2002) TGIFLX and its mother gene TGIF2. We identified a were obtained from GenBank. The accession numbers are: homeobox gene Tex1 (also known as Tgifx1-pending) in human (Homo sapiens), AJ427749; chimpanzee (Pan troglothe mouse that is mapped to a region of the X chromodytes), AJ345073; gorilla (Gorilla gorilla), AJ345074; orangutan some that is syntenic with human Xq21.3, where TGIFLX (Pongo pygmaeus), AJ345075; gibbon (Hylobates lar), AJ345076; talapoin (Miopithecus talapoin), AJ345077; rhesus monkey (Mais located. Tex1 is also specifically expressed in the germ caca mulatta), AJ345078; crab-eating macaque (M. fascicularis), cells of mouse testis (Lai et al. 2002) . These facts suggest ing the retroposition. Interestingly, Figure 1 shows that phylogeny is relatively well established, especially for the major divisions (Goodman et al. 1998 ; Page and TGIFLX evolves more rapidly than TGIF2 not only in this branch, but also throughout its evolutionary history.
Goodman 2001; Singer et al. 2003; Steiper and Ruvolo 2003) , and use of alternative trees does not affect our We found that the number of amino acid substitutions per site (Poisson distance) between the orthologous main conclusion. On the basis of this tree, we inferred the ancestral TGIFLX gene sequences at all interior human and mouse TGIFLX genes is 0.814 Ϯ 0.080, and the corresponding number for TGIF2 is 0.031 Ϯ 0.013, nodes of the tree and counted the numbers of synonymous (s) and nonsynonymous (n) substitutions on each their difference being statistically significant (P Ͻ 0.001). Of 1880 orthologous human and rodent genes analyzed tree branch (Figure 4 ). We found that the sums of n and s for all branches are 195.5 and 58.5, respectively, by Makalowski and Boguski (1998) , only 6 have substitution rates greater than that of TGIFLX, suggesting that for the nonhomeodomain regions. The potential numbers of nonsynonymous (N) and synonymous (S) sites it is evolving at an exceptionally high rate. To further characterize the substitution rate of TGIFLX, we conare 322 and 128, respectively. Thus n/s ϭ 3.34 is significantly greater than N/S ϭ 2.51 (P ϭ 0.031, binomial ducted a detailed evolutionary study of this gene in primates.
test). The binomial test used here is more conservative than Fisher's exact test used in Zhang et al. (1997) and is Positive selection on primate TGIFLX: The TGIFLX coding sequences from five hominoids and four OW more appropriate here because of multiple substitutions that may have occurred at individual sites (Zhang and monkeys were reported by Blanco-Arias et al. (2002) . We here determined the orthologous sequences in two Rosenberg 2002). Fisher's exact test would have given a P value of 0.002 here. We also analyzed n/s in homiadditional OW monkeys and five NW monkeys. Thus, a total of 16 primate sequences are analyzed here. The noids, OW monkeys, and NW monkeys separately, but did not find significant differences ( Figure 4 ). The averalignment of these 16 protein sequences shows that they are highly variable ( Figure 2 Li 1997, pp. 221-224) , suggesting that the synonymous substitution rate in TGIFLX is normal. Thus, our in the rest 7 also involve only hydrophobic amino acid changes. In the third helix of the homeodomain, four results strongly suggest that positive selection is responsible for the rapid evolution at nonsynonymous sites of amino acids (W51, F52, N54, and R56; positions in the homeodomain) are known to be conserved (Banerjeethe nonhomeodomain regions. For the homeodomain, we found that n/s (2.42) is Basu and Baxevanis 2001), which is also the case here. Position 53 is usually occupied by a polar amino acid in slightly lower than N/S (2.73) and that the null hypothesis of n/s ϭ N/S cannot be rejected. This may suggest homeodomains, but was found to have a small, nonpolar amino acid in a previous analysis of TALE homeodothat the homeodomain is under no functional constraints. It may also suggest that some sites in the homeomains (Burglin 1997). In our sequences, position 53 is variable with either polar or nonpolar amino acids.
domain are under positive selection while other sites are under purifying selection, giving an overall pattern To examine whether the high sequence variability is a result of positive selection, we computed the synonyof similar average substitution rates at synonymous and nonsynonymous sites (see below). When we examine mous (d S ) and nonsynonymous (d N ) distances between each pair of the sequences. For the entire coding region, the substitution patterns of hominoids, OW monkeys, and NW monkeys separately, we find that the n/s ratio higher d N than d S is observed in 93 of 120 pairwise comparisons ( Figure 3A) , suggesting the possible action is higher among hominoids and OW monkeys (23.5/ 4.5 ϭ 5.22) than among NW monkeys (25/12 ϭ 2.08; of positive selection. This pattern is more apparent when only the nonhomeodomain regions are analyzed, as 98 Figure 4 ). However, this difference is not significant (P ϭ 0.132). The n/s ratio is not significantly different of the comparisons show d N Ͼ d S ( Figure 3B . We first applied the likelihood method (Yang et al. 2000) to the TGIFLX data and compared the likeliTo test the hypothesis of positive selection more rigorously, we used a phylogeny-based approach (Zhang et hoods under models 7 and 8. Here model 7 assumes that the d N /d S ratio for individual sites follows a ␤-distrial. 1997). The phylogentic relationships of the 16 primates are assumed to follow the tree in Figure 4 . This bution between 0 and 1, while model 8 adds an extra parsimony-based method (Suzuki and Gojobori 1999) . None of the four codons show significant results of positive selection when they are tested individually (P ϭ 0.19-0.59). When they are tested together, however, significant evidence for positive selection is found (average d N /d S ϭ 5.10, P ϭ 0.021), suggesting that one or more of the four codons are under positive selection. It is interesting to note that two of the four codons are located within the homeodomain while the other two are adjacent to the 3Ј end of the homeodomain, suggesting that the homeodomain may indeed be under positive selection (Figure 2 ). The two residues within the homeodomain are not among the completely conserved residues of all homeodomains, indicating that substitutions at these sites are unlikely to disrupt the basic structure and function of homeodomains. Furthermore, crystal structures of homeodomains show that the first of the two residues is involved in DNA-protein binding and that it contributes significantly to the functional specificity of homeodomains (Gehring et al. 1994b) .
The second of the two residues belongs to helix I of the homeodomain, and it may also be involved in DNAprotein binding, although a more specific molecular function has yet to be defined.
Selection promotes the diversity of charge profile:
To investigate what types of nonsynonymous substitutions are favored by selection, we counted the numbers of conservative and radical nonsynonymous substitutions on each branch of the tree in Figure 4 . Conservative nonsynonymous substitutions are those that do not alter the charge of the encoded amino acids and radical substitutions are those that alter the charge of the amino acids. We found a total number of r ϭ 91.5 radical substitutions and c ϭ 104 conservative substitutions in the tree for the nonhomeodomain regions. The potential numbers of radical and conservative sites are R ϭ 128 and C ϭ 195, respectively. The radical substitution rate (r/R ϭ 0.715) is significantly greater than the conservative substitution rate (c/C ϭ 0.533) at P ϭ 0.027 (binomial test). This is in sharp contrast to the situation in most mammalian genes where the radical substitution rate is below the conservative rate . This nonhomeodomain regions, and (C) the homeodomain. result suggests that selection may favor alternations of amino acid charge in TGIFLX evolution. We also tested the hypothesis that selection may favor an alternation class of sites to model 7. We found that model 8 fits the of amino acid polarity, but obtained no supporting evidata significantly better than model 7 ( 2 ϭ 15.2, d.f. ϭ dence. For the homeodomain, there is no evidence for 2, P Ͻ 0.001), with an additional class of sites of d N / selection promoting the diversity of either amino acid d S ϭ 2.42. Four codons were identified to be under polarity or charge. positive selection with posterior probabilities Ͼ90%,
In the above, we compared the number of radical and they are marked on the sequences shown in Figure radical (R) and conservative (C) sites in a gene sequence those of X-linked testis-expressed homeobox genes, and their difference is statistically significant (P Ͻ 0.0001, are usually different and they are affected by many factors unrelated to selection (Dagan et al. 2002) . permutation test). The same pattern is observed when only the homeodomain or nonhomeodomain regions Rapid evolution of mammalian X-linked testis-expressed homeobox genes: As mentioned, two other homeobox are considered (Table 1 ; Figure 5 , B and C). These results suggest that it is a general pattern for mammalian genes, Pem and OdsH, were reported to evolve rapidly (Sutton and Wilkinson 1997; Ting et al. 1998) . The X-linked testis-expressed homeobox genes to evolve rapidly. In addition to TGIFLX, the other X-linked testisd N /d S ratio of Pem ranges from 0.65 to 1.56 for the homeodomain between Mus musculus and several reexpressed homeobox genes are ESX1L, OTEX, and PEPP-2. While the mouse ortholog of human ESX1L lated rodents (Sutton and Wilkinson 1997). We reanalyzed the OdsH homeodomain sequences from D.
is clearly defined by a phylogenetic analysis (data not shown) and chromosomal locations, the orthologs of simulans and D. mauritiana (Ting et al. 1998 ) and obtained a d N /d S ratio of 1.55. Interestingly, TGIFLX, Pem, human OTEX and PEPP-2 are not uniquely defined, probably because of independent gene duplications in and OdsH are all located in X chromosomes and are all testis expressed. This observation prompted us to rodents and primates after their separation (Wayne et al. 2002) . From the mouse genome sequence, we identiwonder whether it is a general pattern for X-linked testis-expressed homeobox genes to evolve rapidly. To fied a total of 15 homologs of the human OTEX and PEPP-2 genes and conducted a phylogenetic analysis of test this hypothesis, we searched for orthologous homeobox genes from the human and mouse genome these genes. The phylogeny is not well resolved and has low bootstrap supports (see supplementary Figure 1 at sequences. Our search was not exhaustive, but random. Of the 64 genes found, 4 are X-linked and testis exhttp://www.genetics.org/supplemental/). To be conservative, we computed protein p-distances for the hupressed, 3 are X-linked and non-testis expressed, 13 are autosomal and testis expressed, and 44 are autosomal man OTEX with each of the 15 mouse genes and presented the smallest distance in Table 1 . We also did the and non-testis expressed. Note that there appear to be only 7 X-linked homeobox genes, as a further exhaustive same for the human PEPP-2 gene. Considering possible nonindependent comparisons involved, we also research did not find additional genes. Here "testis expression" simply means that the gene is expressed in testis, peated all the statistical tests when only one of the OTEX and PEPP-2 genes was used. We found that the statistical regardless of its expression in other tissues. We aligned the sequences and computed the amino acid p-distance results remain unchanged. for each orthologous pair. As shown in Table 1 and Figure 5A , when the entire protein is considered, au-DISCUSSION tosomal homeobox genes (regardless of the expression pattern) and X-chromosomal non-testis-expressed hoIn this report, we provide evidence that TGIFLX meobox genes have similar amino acid p-distances on evolves rapidly under positive selection in primates and that the selection favors diversity in charge profile. Alaverage, which are an order of magnitude lower than though positive selection acts mainly in the nonhomeoprotein evolution. Among non-testis-expressed homeobox genes, there is also no significant difference in domain regions of the protein, it may also operate at a few sites in the homeodomain. The homeodomain is substitution rate between autosomal genes and X-linked genes, suggesting that chromosomal location alone also used in binding DNA sequences in transcription regulation, while the nonhomeodomain regions in TGIFLX does not explain the difference in amino acid substitution rate. We noted in collecting the expression pattern might be used in protein-protein interaction as in the case of TGIF and TGIF2 (Bertolino et al. 1995; Melhu- data that 3 of the 4 X-linked testis-expressed genes (TGIFLX, OTEX, and PEPP-2), but only 1 (NKX3.1) of ish and Wotton 2000; Melhuish et al. 2001) . Rapid evolution at these sites thus may alter the DNA-and the 13 autosomal testis-expressed genes, have exclusive or highly selective expressions in testis. This difference protein-binding properties of TGIFLX. In mouse, the TGIFLX ortholog Tex1 is exclusively expressed in the suggests that the majority of the autosomal testisexpressed genes may be under greater functional congerm cells at the spermatid stage (Lai et al. 2002) and apparently escapes the inactivation that most X-linked straints due to their multifaceted roles in many tissues and developmental processes and thus evolve more genes are supposed to experience in spermatogenesis (Lifschytz and Lindsley 1972) . Although the physioslowly. Indeed, NKX3.1, which is expressed only in testis, has the highest substitution rate among the 13 autosological function of TGIFLX is unknown, the restricted temporal and spatial expression pattern suggests a role mal testis-expressed genes (Table 1) . On the contrary, most of the X-linked testis-expressed homeobox genes of this gene in spermatogenesis and the detected positive selection on TGIFLX may be related to spermatoare expressed exclusively or highly in testis and may thus be specifically involved in male reproduction. Many genesis as well.
Our analysis of homeobox genes of humans and mice authors showed that genes involved in male reproduction evolve rapidly under positive selection (e.g., Lee revealed a general pattern of rapid evolution of X-linked, testis-expressed homeobox genes, although the number et al. 2003) . In particular, expressed genes and non-testis-expressed genes show similar rates of amino acid substitution ( Figure 5 ). Thus, Torgerson and Singh (2003) recently showed that mammalian X-linked sperm proteins evolve faster than testis expression alone does not explain high rates of have been invoked as possible explanations for a higher proportion of X-linked genes to function in male reproduction, and these hypotheses have been discussed extensively in Wang et al. (2001) .
It has also been proposed that X-linked genes evolve more rapidly than autosomal genes (Charlesworth et al. 1987) . This is particularly so when the X-linked genes are expressed only in males, because all newly arising advantageous alleles, dominant or recessive, are exposed to positive Darwinian selection. In contrast, recessive advantageous alleles at autosomal loci are effectively neutral when the allele frequencies are very low. This might explain the effectiveness of positive selection on X-linked testis-expressed genes.
The X chromosome has been shown to be of special importance in hybrid sterility between closely related species (reviewed in Coyne 1992). The importance of homeobox genes in hybrid sterility, however, is not well recognized, probably because most homeobox genes are evolutionarily conserved. It was thus a surprise to identify the rapidly evolving OdsH, an X-linked testisexpressed homeobox gene that is in part responsible for the hybrid male sterility between D. simulans and D. mauritiana (Ting et al. 1998) . This study showed that it is a general pattern for mammalian X-linked testisexpressed homeobox genes to evolve rapidly. This suggests the intriguing possibility that it is a rule rather than an exception that homeobox genes such as OdsH play important roles in reproductive isolation. In the gonia-expressed genes than autosomes. Spermatogonia
Bertolino, E., B. Reimund, D. Wildt-Perinic and R. G. Clerc, 1995 are the mitotic germ cells of the testis from which sperm A novel homeobox protein which recognizes a TGT core and arise by spermatogenesis. Spermatogonia-expressed functionally interferes with a retinoid-responsive motif. J. Biol. Chem. 270: 31178-31188. genes are probably involved in male reproduction. In Bharathan, G., B. J. Janssen, E. A. Kellogg and N. Sinha, 1997 our random sample of 64 homeobox genes, 57% of the Did homeodomain proteins duplicate before the origin of angio-7 X-linked genes and 23% of the 57 autosomal genes sperms, fungi, and metazoa? Proc. Natl. Acad. Sci. USA 94: 13749-13753. are testis expressed. Thus, even for homeobox genes, 
